To understand better how the packing of side chains within the core influences protein structure and stability, the crystal structures were determined for eight variants of T4 lysozyme, each of which contains three to five substitutions at adjacent interior sites. Concerted main-chain and side-chain displacements, with movements of helical segments as large as 0.8 angstrom, were observed. In contrast, the angular conformations of the mutated side chains tended to remain unchanged, with torsion angles within 200 of those in the wild-type structure. These observations suggest that not only the rotation of side chains but also movements of the main chain must be considered in the evaluation of which amino acid sequences are compatible with a given protein fold.
Water-soluble proteins fold into compact structures that generally have hydrophobic side chains in the interior and polar residues on the exterior, suggesting that patterns of hydrophobicity in amino acid sequences are important determinants of protein structure (1) . Mutations that reduce the hydrophobicity of buried residues are often destabilizing (2, 3) . However, the contribution of specific interactions between buried hydrophobic side chains to protein structure and stability is less clear. Side chains in protein interiors or "cores" are tightly packed (4) and usually adopt single, well-defined, lowenergy conformations (5) . That core residues maximize favorable interactions with minimum strain suggests that a particular protein fold may be specified by a "template" of packed hydrophobic side chains (6) . In support of this idea, the computational enumeration and evaluation of all the possible combinations of side chains that can fill a given volume in the core of known protein structures yielded few allowed sequences (6) . However, genetic experiments by Sauer and co-workers demonstrated that X repressor tolerated multiple substitutions within the interior (7, 8 Leu133, Val149, and Phe 53 (Fig. 1A) . The variants were generated by site-specific random mutagenesis and genetic selection of the resulting mutant pool for enzyme function (9) . High-resolution structures and folding energies (10) As observed for X repressor (7, 8) , the structure and activity of T4 lysozyme are tolerant to a variety of combinations of hydrophobic residues in the core. However, the patterns of substitutions observed at each site differ. The examples shown in Table 1 reflect the variation in a larger set of 106 selected variants (9) . Sites 121 and 129 allow a wide variety ofhydrophobic residues, but at position 149 Val or Ile residues seem to be required for stability (14) .
In seven of the eight variants, each replacement side chain occupied the same region of the core as the corresponding side chain in the wt protein (Fig. 1A) . A representative of this group, variant II, is shown in Fig. 1B the largest increases in core volume. These adjustments correspond to an overall expansion of the COOH-terminal domain (compare the mutant backbone in Fig. 1 , B and C, with that of wild type).
Although the replacement side chains have adjusted their positions ( Fig. 1 , A to C), their torsion angles are within 200 of those of the wild type, with the exception of position 153 (Fig. 3) . In other words, the mutant side chains usually retain the same rotational conformation present in wild type (17). Change in conformation of even a single side chain may be difficult to accommodate because it may require conformational changes in surrounding side chains. In one lysozyme variant that did display several side chain rotations (variant V, Fig. 1C ), the small-to-large substitution of Ala129 to Trp introduced a potential steric clash with Met'33, which is within the same a helix. As a result, Met133 adopted a side chain conformation not seen in other variants containing Met at this position (18). Coupled with this change in conformation, the benzyl group of Phe"14, which has access to the surface and therefore is more free to move, rotated 800. This variant which has rms backbone shifts of 0.63 X but is only destabilized by 1.4 kcal/mol, illustrates that large structural adjustments that alter the positions of atoms throughout the COOH-terminal domain need not disrupt favorable interactions between them.
Computational methods have been developed to enumerate alternative combinations of side chains in the context of a particular protein fold (6, (19) (20) (21) . All such approaches have focused on rotational changes of side chains with the position of the backbone held fixed, at least during the critical evaluation process. Given the magnitude ofbackbone shifts we have observed, it is likely that algorithms that use steric criteria to eliminate side chain combina- Fig. 2 .
SCIENCE * VOL. 262 * 10 DECEMBER 1993 tions that clash in the context of a fixed backbone are overly restrictive (11, 20 number of "unacceptable" close contacts was greatly reduced. However, most variants were still "not allowed," suggesting that the use of "average" torsion angles is also unsatisfactory. Small departures of torsion angles from average values can lead to large displacements of distal atoms, resulting in an unrealistic assessment of contacts (1 1). Our results do, however, support the idea that side chain conformations in a known protein structure can provide a reasonable starting point in the prediction of the structure of a homologous protein (21) .
The structures of T4 lysozyme mutants studied here and elsewhere (3, 11) , and a variant of X repressor (22) , suggest that protein backbones are more flexible than generally assumed. Even a few replacements of interior side chains can cause differences in the backbone structure of magnitude similar to that seen between homologous structures with much less sequence similarity. For proteins whose overall sequence identity is 50% or greater, the differences in backbone are 0.3 to 1.5 A, whereas the side chain torsion angles tend to be preserved (21, 23 (21) . 33. The T4 lysozyme gene was amplified with polymerase chain reaction (PCR) with the use of degenerate primers encoding all 20 amino acids and one stop codon (X, X, G or T, where X is A, T, G, or C) at the target sites (9) . Three overlapping fragments bounded by the mutagenesis sites and the gene termini were generated and subsequently linked together with PCR in two steps. The full-length mutagenized gene fragment was cut with restriction enzymes and ligated into an engineered bacteriophage X selection vector (9) that relied on the activity of the cloned T4 lysozyme gene to complement a defect in its own homologous lysis (R) gene (25).
Plaque-forming phages were isolated and functional T4 lysozyme genes were excised as part of a phagemid for both protein expression and DNA sequencing (26). A plate assay (27) was used to sort the variants into rough categories of stability and activity. A total of 106 new amino acid combinations were obtained at a frequency of 10-2 from the screening of 25,000 phages, and a number of these were chosen for crystallographic and thermodynamic analysis. Protein preparation (27), thermal denaturation at pH 3 (10), and crystal growth (3) were as described.
Data from x-ray measurements were collected (28), and structures were refined (29) starting with the cysteine-free wt model (30 (Fig. 3, A and B) .
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